Interactions between absorption of paraquat and the polyamines putrescine, cadaverine, and spermine in roots of intact maize (Zea mays L. cv 3377 Pioneer) seedlings were examined. Concentrationdependent kinetics for paraquat and putrescine influx were similar and both kinetic curves could be resolved into a linear and a saturable component. The linear component was previously shown to represent cell wall/membrane binding. The saturable components for paraquat and putrescine uptake, which represent influx across the plasmalemma, had Km values of 98 and 120 micromolar, respectively, and Vmax values of 445 and 456 nanomoles per gram fresh weight per hour, respectively. Lineweaver-Burk transformation of the saturable component of paraquat influx in the presence of varying concentrations of putrescine indicated that the diamine competitively inhibited the saturable component of paraquat uptake. Reciprocal experiments similarly demonstrated that paraquat competitively inhibited the saturable component of putrescine uptake. Competitive inhibition of both paraquat and putrescine influx could also be demonstrated with the diamine cadaverine, which has a charge distribution similar to that of paraquat and putrescine. In contrast, the larger, tetravalent polyamine spermine appeared to noncompetitively inhibit the influx of paraquat and putrescine. These results strongly suggest that paraquat enters maize root cells via a carrier system that normally functions in the transport of diamines with a charge distribution similar to that of paraquat.
Paraquat is a widely used postmergence contact herbicide that acts by accepting electrons from PSI of chloroplast membranes (3) . To reach its site of action following foliar application, paraquat must be capable of crossing the plasmalemma (as well as the chloroplast envelope). In aqueous solution, however, paraquat exists as a divalent cation and is therefore unlikely to passively diffuse across the lipid bilayer of plant cell membranes. Until recently (11) , however, little evidence has been reported for a paraquat transport mechanism in plant cell membranes.
With the exception of 2,4-D (6, 18) , herbicides have seldom been reported to require a carrier-mediated transport system for uptake across the plasmalemma. Recent evidence from our laboratories suggested that paraquat is taken up by maize (Zea mays L. cv 3377 Pioneer) root epidermal and cortical cells via a protein-mediated system. This is based primarily on concentration-dependent kinetic studies of paraquat absorption. In these studies, we demonstrated that paraquat influx across the plasmalemma is via a saturable system with a Km of 90 tiM and a Vmax of 458 nmol g-1 fresh weight h-1 (11) .
Paraquat uptake in animal tissues has also been reported to be mediated by a saturable system with a Km of 40 to 80 AM (17, 21) and Vmax of 300 to 600 nmol g-' fresh weight h-1 (15, 17) . In contrast with our data from maize roots, influx into animal cells was reported to be sensitive to respiratory inhibitors such as cyanide and rotenone (7, 17) . Other reports from animal literature indicate that paraquat uptake is competitively inhibited by the diamine putrescine (1, 2, 13, 14, 22) . Uptake of the two compounds via a common system has been attributed to the similar distribution of positively charged amine groups (0.6-0.7 nm) (13) . In concentrationdependent influx experiments, we recently demonstrated that uptake of putrescine across the plasmalemma of maize root epidermal and cortical cells is also via a saturable system (Km = 120 ,m; Vmax = 397 nmol g-1 fresh weight h-1) (4) . Other properties of putrescine influx, including sensitivity to inorganic cations (5), were similar to those shown for paraquat uptake in maize roots (11) .
Based on the competitive interaction reported for putrescine and paraquat in animal systems and our own data indicating similar transport characteristics for the two compounds in maize roots, we propose that putrescine and paraquat share a common transport system in the plasmalemma of maize root cells. We initiated this study to examine the transport interaction between paraquat and putrescine in roots of intact maize seedlings. In addition, we also measured the effect of other polyamines, including the diamine cadaverine and the tetravalent spermine, on the influx of both paraquat and putrescine. Our results suggest that only compounds with a similar charge distribution, including putrescine, paraquat, and cadaverine, compete for a common transporter in the plasmalemma of maize root epidermal and cortical cells. (Fig. 1 ). Because they exhibit similar uptake characteristics in animal systems (10, 16, 20, 23) , we compared concentrationdependent influx kinetics of the two compounds in roots of intact maize seedlings. Figure 2A shows that kinetics of paraquat and putrescine influx are similar over a 10-to 1000-,UM range of concentration. In agreement with our previous work (4, 11) , the curves representing total influx can be separated into linear and saturable components (Fig. 2B) .
MATERIALS AND METHODS

Plant
We have previously shown that the linear component of both paraquat and putrescine uptake represents binding to cell wall and/or membranes (4, 11) . In this study, the slope of the linear component for paraquat (576 nmol g-1 fresh weight h-mim-1) was higher than that for putrescine (419 nmol g-1 fresh weight h-1 mm-') ( specific activity of exogenously applied [3H]putrescine by endogenous levels present in the cell wall. Altematively, the difference in slope for paraquat and putrescine may simply reflect variations in the interactions of the two compounds with cell wall components. In any case, the linear component does not represent transport across the plasmalemma and is, therefore, of secondary importance in this study.
The saturable components for paraquat and putrescine were similar (Fig. 2B) . For paraquat, apparent values of Vmax and Km were 445 nmol g-' fresh weight h-1 and 98 $M, and for putrescine, the Vmax and Km values were 456 nmol g-' fresh weight h-l and 120 AiM, respectively. We have previously reported saturable components of paraquat (11) and putrescine (4) uptake in maize roots to represent transport across the plasmalemma. Support for this interpretation was provided by other results from our laboratories that demonstrated root-to-shoot translocation of exogenously applied putrescine in maize seedlings (5) . Similarly, Table I shows that [14C]paraquat taken up by roots of maize seedlings is translocated to the shoot. The existence of a transplasmalemma transport system for endogenously produced putrescine was also suggested by the results of Friedman et al. (8), who demonstrated a stress-induced increase in putrescine concentration in the xylem exudate of sunflower. Translocation of exogenously applied paraquat and putrescine to shoots and movement of endogenous putrescine through the xylem presumably require transport across the plasmalemma of at least one cell type in the root. The similarity in saturable components suggests that influx of the two compounds is controlled by a similar system. The saturable nature of paraquat and putrescine influx into the cytoplasm suggests that it is a protein-mediated process.
Because we were interested in the mutual transport interactions of paraquat and putrescine, we measured the uptake of each compound in the presence of varying concentrations of the other compound. Figure 3A shows that influx of paraquat from a 200-,M solution decreased in the presence of increasing concentrations of putrescine. In 1 mm putres- cine, paraquat uptake was inhibited by 65% compared with uptake in the presence of 25 ,UM putrescine. Similar results were seen in the reciprocal experiment, with putrescine influx from a 250-,M solution decreasing 58% as paraquat concentrations increased from 25 AM to 1 mM (Fig. 3B) . The similar magnitude of inhibition of each compound by the other again suggests that they are controlled by a similar transport system. To confirm that the inhibition of paraquat uptake by putrescine occurred at the root cell plasmalemma, we exposed roots of intact maize seedlings to ['4C]paraquat for 2 h in the presence of varying levels of putrescine, and subsequently measured the amount of 14C translocated to the shoot. Table  I indicates that the degree of putrescine inhibition of paraquat influx into roots and putrescine inhibition of paraquat translocation to the shoot were quite similar. For example, exposure of maize roots to 1 mm putrescine resulted in a 65% reduction of paraquat absorption into the root and a 60% reduction in paraquat translocation to the shoot. Because of the presumed presence of an intact endodermis, the [14C] paraquat that reached the shoot must have entered the root symplasm by crossing the plasmalemma of cells of the epidermis, cortex, and/or endodermis. Therefore, these results strongly suggest that inhibition of paraquat uptake by putrescine occurs at the root-cell plasmalemma. Previous work with animal tissues (1, 2, 22) also concluded that paraquat is taken up into cells by the same system that normally functions in the uptake of putrescine.
To gain more information on the nature of the transport inhibition by putrescine on paraquat, we measured the concentration-dependent kinetics of paraquat uptake in the presence of three concentrations of putrescine. Data for the resulting saturable components were transformed and are displayed as Lineweaver-Burk plots (Fig. 4) . The Km for paraquat increased more than sixfold as putrescine concentration increased from 0 to 1 mm, whereas the Vmax increased less than 65%. In a reciprocal experiment, the influence of paraquat on putrescine was measured. The results reveal a similar interaction of paraquat on putrescine uptake (Fig. 5) . The Km increased more than sevenfold, whereas the Vmax varied only slightly as paraquat concentration increased in four steps from 0 to 1 mm. These results suggest that the mutual inhibition of paraquat and putrescine uptake is competitive in nature, thus supporting the hypothesis that paraquat and putrescine are transported across the plasmalemma of root cells via a common transport system.
Specificity of Paraquat/Putrescine Transport
Because we suspected that specificity for transport via the putrescine/paraquat uptake system was at least partly dependent on molecular charge distribution, we examined paraquat and putrescine uptake in the presence of varying concentrations of cadaverine. Cadaverine is a diamine with a charge distribution similar to that of putrescine (0.6-0.7 nm [13] ), but with an additional carbon in the aliphatic backbone (Fig. 1) . Paraquat uptake was inhibited with increasing concentrations of cadaverine (Fig. 6) . The Km increased 4.5-fold, whereas the V1max increased only slightly (Fig. 6) . Similar results were found with putrescine in the presence of varying concentrations of cadaverine (Fig. 7) . In this case, the Km increased nearly fourfold, with little change in Vmax. These results indicate that cadaverine competitively inhibits paraquat and putrescine uptake, suggesting a common transporter for all three compounds. As a final test for the specificity of the paraquat/diamine transport system, we determined the kinetics of paraquat and putrescine influx in the presence of spermine. Spermine is a tetramine that has a larger mol wt than putrescine and cadaverine (Fig. 1) . The distal positively charged amines in spermine are approximately 1.6 nm apart (19) . The results from concentration-dependent uptake experiments revealed that the saturable component of both paraquat (Fig. 8A) and putrescine ( Fig. 8B) The noncompetitive nature of spermine inhibition of paraquat and putrescine uptake suggests that the system that transports paraquat, putrescine, and cadaverine is not involved in spermine absorption. Studies with animal tissues have previously shown the existence of more than one transport system for polyamines (12) . Multiple carrier systems for various polyamines may also exist in the plasmalemma of maize root cells.
The results of this and other studies from our laboratories strongly suggest that paraquat is taken up by maize root epidermal and cortical cells via a system that also functions in the absorption of diamines. This uptake system appears to be protein mediated and is noncompetitively inhibited by organic and inorganic polyvalent cations. Substrate specificity seems to be related to distribution of positively charged amine groups. Paraquat uptake by a system that normally functions to transport the biologically ubiquitous putrescine may explain the nearly nonselective nature of this herbicide.
